Cotinine is the major metabolite of nicotine and has displayed some capacity for improving cognition in mouse models following chronic administration. We tested if acute cotinine treatment is capable of improving cognition in the mouse model of Fragile X syndrome, Fmr1 À/À knockout mice, and if this is related to inhibition by cotinine treatment of glycogen synthase kinase-3b (GSK3b), which is abnormally active in Fmr1 À/À mice. Acute cotinine treatment increased the inhibitory serine-phosphorylation of GSK3b and the activating phosphorylation of AKT, which can mediate serine-phosphorylation of GSK3b, in both wild-type and Fmr1 À/À mouse hippocampus. Acute cotinine treatment improved cognitive functions of Fmr1 À/À mice in coordinate and categorical spatial processing, novel object recognition, and temporal ordering. However, cotinine failed to restore impaired cognition in GSK3b knockin mice, in which a serine9-to-alanine9 mutation blocks the inhibitory serine phosphorylation of GSK3b, causing GSK3b to be hyperactive. These results indicate that acute cotinine treatment effectively repairs impairments of these four cognitive tasks in Fmr1 À/À mice, and suggest that this cognition-enhancing effect of cotinine is linked to its induction of inhibitory serine-phosphorylation of GSK3. Taken together, these results show that nicotinic receptor agonists can act as cognitive enhancers in a mouse model of Fragile X syndrome and highlight the potential role of inhibiting GSK3b in mediating the beneficial effects of cotinine on memory.
Introduction
Eighty percent of nicotine is metabolised to cotinine, [(5S)-1-methyl-5-(3-pyridyl)-pyrrolidin-2-one], which is under investigation as a new agent to improve cognitive functions in animal models of a variety of psychiatric and neurological diseases (Terry et al., 2005; Moran, 2012) . Importantly for its potential clinical use, the pharmacological half-life of cotinine is 15-24 h (Terry et al., 2005; Buccafusco et al., 2007) , much longer than the half-life of nicotine (2-3 h), cotinine has low toxicity (Li et al., 2015) , and cotinine crosses the blood brain barrier (Riah et al., 1998) . The actions of cotinine are thought to be mediated by its effect as a weak agonist with lower affinity than nicotine of nicotinic acetylcholine receptors (nAChRs) (Vainio & Tuominen, 2001) . Activation of nAChRs promotes the expression of synaptic proteins in the brain and enhances cognition in animal models (Buccafusco & Terry, 2003; Terry et al., 2005 Terry et al., , 2012 McKay et al., 2007; . For example, cotinine treatment restored impaired memory in mouse and monkey models of impaired hippocampal function (Echeverria et al., 2011; Terry et al., 2012; Gao et al., 2014; Patel et al., 2014) , ameliorated impaired cognition in mouse models of Alzheimer's disease, including working memory (Echeverria et al., 2011; Patel et al., 2014) , memory deficits in animal models of schizophrenia Terry et al., 2012) and stress-related memory impairments (Zeitlin et al., 2012; .
Cotinine has a regulatory effect on glycogen synthase kinase-3 (GSK3), which is involved in regulating cognition and mood Beurel et al., 2015; Pardo et al., 2016) . GSK3 is constitutively active and is regulated by inhibitory phosphorylation on serine-21 of the GSK3a isoform and on serine-9 of the GSK3b isoform (Jope & Johnson, 2004) . This inhibitory serine-phosphorylation of GSK3 is often mediated by Akt, which itself is activated by phosphorylation on threonine-308 and serine-473. The functional effects of impaired inhibitory serine-phosphorylation of GSK3b can be studied with GSK3b 9A/9A knockin mice (McManus et al., 2005; Polter et al., 2010) that have a serine-to-alanine mutation that prevents the inhibition by serine-phosphorylation of GSK3b. This mutation maintains GSK3b maximally active, but importantly within the physiological range as GSK3b is expressed at normal levels. Abnormally active GSK3 contributes to several pathological conditions that involve learning and memory impairments Pardo et al., 2015 Pardo et al., , 2016 , such as Alzheimer's disease (Avila et al., 2010) , mood disorders (Jope, 2011) , and Fragile X syndrome (Mines & Jope, 2011) . Furthermore, numerous studies have reported beneficial effects of GSK3 inhibition for improving cognitive deficits in many diverse conditions . The link between cotinine and GSK3 was first described in an in vitro study in cultured cells showing that cotinine treatment increased the phosphorylation of Akt and the inhibitory serine-phosphorylation of GSK3b (Rehani et al., 2008) . Further studies demonstrated in vivo increases in GSK3b serine-phosphorylation (Echeverria et al., 2011; and in phosphorylated Akt on serine 473 (Echeverria et al., 2011) after chronic oral cotinine treatment in mouse hippocampus. Chronic cotinine treatment increased GSK3b phosphorylation in the brains of healthy mice as well as in two psychopathological mouse models, chronic stress and a mouse model of Alzheimer's disease (Echeverria et al., 2011) . It was suggested that cotinine's actions to promote neuronal survival and synaptic plasticity could be mediated in part by its action on GSK3b (Echeverria et al., 2011) .
This study examined if acute cotinine treatment also was able to inhibit GSK3, and if there were differential effects of cotinine administration on the two isoforms of GSK3, GSK3a and GSK3b, in mouse hippocampus. We also tested if cotinine administration improved performance of Fmr1 À/À mice in coordinate and categorical spatial processing, novel object recognition, and temporal ordering, each of which was recently found to be impaired in these mice and to be rescued by administration of GSK3 inhibitors (King & Jope, 2013; Franklin et al., 2014) . As cotinine treatment improved cognitive parameters in Fmr1 À/À mice that exhibit hyperactive GSK3 (Min et al., 2009) , we tested if blocked inhibitory serinephosphorylation in GSK3b knockin mice interfered with the ability of cotinine treatment to improve impaired performances in these cognitive tasks.
Materials and methods

Mice and behaviour measurements
Male adult (8-10 weeks old) C57BL/6 wild-type mice (N = 45), C57BL/6 mice with a disruption of the Fmr1 gene (N = 46) (originally kindly provided with matched controls by Dr. W. Greenough, University of Illinois), and GSK3b 9A/9A knockin C57BL/6 mice (N = 19) (originally kindly provided with matched controls by Dr. D. Alessi, University of Dundee), were used. This mutation disables the inhibitory serine phosphorylation of GSK3b, but both GSK3 isoforms are expressed at normal levels so GSK3 retains maximal activities within the normal physiological range (McManus et al., 2005) . Mice were housed in groups of 3-5 in standard cages in light and temperature controlled rooms and were treated in accordance with NIH and the University of Miami Institutional Animal Care and Use Committee regulations. Cotinine (#C5923; Sigma Aldrich) was administered intraperitoneally (i.p.) at the dose of 3 mg/kg where indicated, 30 min before behavioural testing, which lasted 60 min, or 30 or 90 min before sample collection.
Four cognitive tasks were tested: coordinate and categorical spatial processing, novel object recognition, and temporal order memory, carried out as previously described (King & Jope, 2013; Pardo et al., 2015) . Mice were habituated to the testing room with a white noise generator (55 dB) for 1 h. Behavioural tests were conducted during 2 consecutive days, two tests every 24 h. 70% ethanol was used to clean each apparatus and object used between each test session, test sessions were filmed, and films were scored by an investigator blind to the genotype and treatment.
For the coordinate spatial processing task, each mouse was allowed to explore two novel objects that were 45 cm apart for 15 min. After 5 min in an opaque chamber, each mouse was allowed to explore the same two objects that had been moved closer together (30 cm) for 5 min. Increased exploration of the objects during the test session compared with the last 5 min of the habituation phase is considered a measure of memory of the distance between objects. The exploration ratio was calculated as time (exploring during the 5 min test session)/(exploring during the 5 min test session plus the last 5 min of the habituation session).
For the categorical spatial processing task, each mouse was allowed to explore two novel objects that were 45 cm apart for 15 min. After 5 min in an opaque chamber, each mouse was allowed to explore the same two objects that had been transposed for 5 min. Increased exploration of the objects during the test session compared with the last 5 min of the habituation phase is considered a measure of memory of the position of objects. The exploration ratio was calculated as time (exploring during the 5 min test session)/(exploring during the 5 min test session plus the last 5 min of the habituation session).
For the novel object recognition task, time spent exploring an object only included the mouse sniffing or touching the object with its nose, vibrissa, mouth, or forepaws. As described previously (Pardo et al., 2015) , novel object recognition was measured by allowing each mouse to explore two identical objects for 5 min, and after a 5 min period in an opaque chamber, mice were allowed to explore an unused familiar object and a novel object for 5 min. The discrimination index was calculated as the times [(exploring Object 2 À exploring Object 1)/total time of object exploration) 9 100]. To measure temporal order memory, each mouse underwent three sessions exploring three new sets of objects (Objects 1, 2, 3). The duration of the sessions and the interval between sessions were 5 min. During the test session, the mouse was allowed to explore an unused copy of Object 1 and an unused copy of Object 3 for 5 min. Intact temporal order memory is evident when mice spend more time exploring the first object presented (Object 1) than the most recent object presented (Object 3). A discrimination index was calculated as the times [(exploring Object 3 À exploring Object 1)/total time of object exploration) 9 100].
Immunoblot analysis
Mice were killed by decapitation 30 or 90 min, where indicated, after i.p. cotinine treatment. Mouse hippocampi were dissected in ice-cold phosphate-buffered saline and homogenised in ice-cold lysis buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 1 lg/mL leupeptin, 1 lg/ mL aprotinin, 1 lg/mL pepstatin, 1 mM phenylmethanesulfonyl fluoride, 50 mM NaF, 1 mM sodium orthovanadate, and 100 nM okadaic acid. The lysates were centrifuged at 20 800 g for 10 min. Protein concentrations in the supernatants were determined, using the Bradford protein assay (Bradford, 1976) . Lysates were mixed with Laemmli sample buffer (2% SDS) and placed in a boiling water bath for 5 min. Proteins (10 lg) were resolved in SDS-polyacrylamide gels, transferred to nitrocellulose, and incubated with primary antibodies to phospho-Ser21-GSK3a (1 : 2000; #9316L; Cell Signaling Technology), phospho-Ser9-GSK3b (1 : 2000; #9336; Cell Signaling Technology), total GSK3a/b (1 : 2000; #05-412; Millipore), phospho-Ser473-Akt (1 : 2000; #9271; Cell Signaling Technology), phospho-Thr308-Akt (1 : 1000; #9275; Cell Signaling Technology) and total Akt (1 : 1000; #9272; Cell Signaling Technology). Separate blots were used to measure the ratio of phosphorylation/total levels for each protein. Immunoblots were developed using horseradish peroxidase-conjugated goat anti-mouse (1 : 2000), or goat anti-rabbit IgG (1 : 2000), followed by detection with enhanced chemiluminescence. Images were acquired and quantitated with an Amersham Imager 600.
Statistical analyses
Results were analysed by one-way ANOVA followed by Dunnett's post hoc analyses to determine statistical significance or by Student's t-test where indicated. P values less than 0.05 were considered statistically significant.
Results
Acute cotinine treatment increases phosphorylation of GSK3 and Akt in the hippocampus of wild-type mice Previous reports that chronic cotinine treatment increased the serine phosphorylation of GSK3b in mouse brain regions (Echeverria et al., 2011; were extended to test if acute cotinine treatment altered the serine-phosphorylation of either GSK3 isoform in mouse hippocampus.
Acute cotinine treatment, (3 mg/kg), was used to study the effects and the duration of the effects on the phosphorylation of GSK3 and Akt for a time period necessary to perform the memory tasks. At both 30 and 90 min after treatment, cotinine administration significantly increased the phosphorylation of Ser-9-GSK3b (30 min: t (12) = 3.15, P < 0.01; 90 min: t(13) = 2.48, P < 0.05; Fig. 1A ), Ser-21-GSK3a (30 min: t(12) = 2.75, P < 0.05; 90 min: t (13) = 3.49, P < 0.01; Fig. 1B ), Thr-308-Akt (30 min: t(9) = 2.18, P < 0.05; 90 min: t(13) = 5.07, P < 0.05; Fig. 1C ) and Ser-473-Akt (30 min: t(10) = 2.40, P < 0.05; 90 min: t(11) = 4.24, P < 0.01; Fig. 1D ).
Cotinine treatment increases phosphorylation of GSK3 and Akt in the hippocampus of Fmr1 À/À mice
We also tested if acute cotinine treatment increased the inhibitory serine-phosphorylation of GSK3 and the activating phosphorylations of Akt in the hippocampus of Fmr1 À/À mice because GSK3 was previously reported to be abnormally active via reduced serine-phosphorylation in the hippocampus of these mice (Yuskaitis et al., 2010) . Cotinine produced similar effects in Fmr1 À/À mice as in wild-type mice at both 30 and 90 min ( (30 min: t(10) = 2.20, P < 0.05; 90 min: t(11) = 3.53, P < 0.01; Fig. 2A ), Ser-21-GSK3a (30 min: t(14) = 2.28, P < 0.05; 90 min: t (13) = 3.36, P < 0.01; Fig. 2B ), Thr-308-Akt (30 min: t(12) = 2.60, P < 0.05; 90 min: t(11) = 3.43, P < 0.01; Fig. 2C ) and Ser-473-Akt (30 min: t(11) = 2.19, P < 0.05; 90 min: t(11) = 2.47, P < 0.05; Fig. 2D ) in Fmr1 À/À mice.
We also compared the basal and cotinine-stimulated phosphorylation levels of GSK3 and Akt in the hippocampus of wild-type mice and Fmr1 À/À mice. Compared to untreated wild-type mice, the hippocampus of untreated Fmr1 À/À mice had lower phosphorylation of Ser-9-GSK3b ( Fig. 3A; one-way ANOVA, F 3,13 = 28.43, P < 0.01), and Ser-21-GSK3a ( Fig. 3B ; one-way ANOVA, F 3,13 = 21.31, P < 0.01), as reported previously (Yuskaitis et al., 2010) , and greater phosphorylation of Thr-308-Akt ( Fig. 3C ; one-way ANOVA, F 3,12 = 13.27), and Ser-473-Akt ( Fig. 3D ; one-way ANOVA, F 3,12 = 16.57, P < 0.01), as reported previously (Liu et al., 2012) . Despite these differences in basal phosphorylation levels, cotinine treatment increased the phosphorylation of GSK3 and Akt similarly in wild-type and Fmr1 À/À mice.
Cotinine effects on performance of Fmr1 À/À mice in four cognitive tasks
As acute cotinine treatment effectively increased the inhibitory serine-phosphorylation of GSK3 in Fmr1 À/À mice, we tested if acute cotinine treatment (3 mg/kg) was able to ameliorate cognitive impairments displayed by Fmr1 À/À mice that were previously shown to be due to hyperactive GSK3, including novel object recognition, temporal ordering, and coordinate and categorical spatial processing (King & Jope, 2013; Franklin et al., 2014) . The performance of wild-type mice was unaltered by acute administration of cotinine in all tasks tested. However, cotinine treatment reversed impairments in spatial memory of the Fmr1 À/À mice ( Fig. 4A and B) , normalising performance in the coordinate spatial processing task (one-way ANOVA, F 3,29 = 14.87, P < 0.01; Fig. 4A ) and in the categorical spatial processing task (one-way ANOVA, F 3,30 = 8.39, P < 0.01; Fig. 4B ). Post hoc analyses for both tasks revealed Fmr1 À/À impairments (P < 0.05 compared to wild type vehicle-treated mice) but no significant differences between wild-type and Fmr1 À/À mice after cotinine treatment. In the novel object recognition task, cotinine treatment significantly increased the preference of Fmr1 À/À mice for the novel object (% time exploring the objects: Fmr1 À/À mice vehicle: familiar object 65.0 AE 4.9 vs. novel object 35.0 AE 4.9, t (16) = 4.34, P < 0.05; Fmr1 À/À mice cotinine: familiar object 39.3 AE 3.2 vs. novel object 60.71 AE 3.23, t(10) = 4.66, P < 0.05; Fig. 4C ) and normalised the discrimination index (one-way ANOVA, F 3,30 = 10.47, P < 0.01; Fig. 4D ). Post hoc analyses yielded significant differences between vehicle-treated wild-type and Fmr1
À/À mice (P < 0.05), but no differences between wild-type and Fmr1 cotinine to Fmr1 À/À mice rescued the impairment in temporal order memory by reallocating the % of time spent exploring the objects (Fmr1 À/À mice vehicle: first object 45.3 AE 5.3 vs. third object 54.9 AE 5.3, t(16) = 1.26, P = 0.23; Fmr1 À/À mice cotinine: first object 67.2 AE 43.7 vs. third object 32.8 AE 43.7, t(10) = 6.68, P < 0.05; Fig. 4E ) and the discrimination index (one-way ANOVA, F 3,30 = 5.30, P < 0.01; Fig. 4F ). Post hoc analyses showed significant differences between vehicle-treated wild-type and Fmr1
À/À mice (P < 0.05), an impairment that was normalised after cotinine treatment.
Cotinine effects on performance of GSK3b knockin mice in two cognitive tasks
Considering that acute cotinine treatment increased the inhibitory serine-9-phosphorylation of GSK3b in wild-type and Fmr1 À/À mice, and restored impaired memory in Fmr1 À/À mice, we tested if GSK3b serine-phosphorylation was necessary for the cognition enhancing effects of cotinine. GSK3b knockin (KI) mice, with serine9-to-alanine9 mutations in GSK3b preventing the inhibition of GSK3b by serine-phosphorylation, were used to examine cotinine effects on their previously reported impairments in coordinate spatial processing and novel object recognition (Pardo et al., 2016) . Figure 5A shows the lack of serine-9-phosphorylation in the GSK3b KI mice. GSK3b KI mice displayed impaired coordinate spatial processing memory and cotinine treatment did not modify this impairment (one-way ANOVA, F 3,32 = 14.55, P < 0.01; Fig. 5B ). Post hoc analyses showed a significantly lower exploration ratio in vehicletreated GSK3b KI mice compared to vehicle-treated wild-type mice (P < 0.05), and there were no effects of cotinine in either of the groups. In the novel object recognition task, cotinine treatment had no significant effect in GSK3b KI mice on % time exploring the objects (GSK3b KI mice vehicle: familiar object 49.7 AE 3.1 vs. novel object 50.3 AE 3.1, t(18) = 0.14, P = 0.89; GSK3b KI mice cotinine: familiar object 51.7 AE 32.6 vs. novel object 48.4 AE 2.6, t (16) = 0.91, P = 0.38; Fig. 5C ) or in the discrimination index (oneway ANOVA, F 3,34 = 5.38, P < 0.01; Fig. 5D ). Post hoc analyses showed a significant impairment in GSK3b KI mice compared to wild-type mice (P < 0.05), an effect that persisted after cotinine treatment. These findings show that cotinine was unable to improve performances in several cognitive tasks when the inhibitory serinephosphorylation of GSK3b was blocked.
Discussion
We tested the effects of acute cotinine treatment as a cognitive enhancer in a mouse model of Fragile X syndrome, and we further examined if GSK3 may be involved in the effects of cotinine on learning and memory. Acute cotinine treatment increased the phosphorylation levels of Akt and GSK3 in the hippocampus of both wild-type mice and Fmr1 À/À mice. Furthermore, acute cotinine treatment restored learning and memory impairments in Fmr1 À/À mice but failed to restore cognitive impairments in GSK3b knockin mice where a serine-to-alanine mutation blocks the inhibitory serine-phosphorylation of GSK3b.
Acute cotinine treatment increases phosphorylation of GSK3 and AKT in the hippocampus GSK3 is involved in regulating a variety of cellular functions, and abnormally active GSK3 has previously been linked to learning and memory impairments in the mouse model of Fragile X syndrome, as well as other disorders Beurel et al., 2015) . GSK3 has two isoforms, GSK3a and GSK3b, which are mainly regulated by inhibitory phosphorylation of serine-21 in GSK3a and serine-9 in GSK3b that are often mediated by Akt. Recent reports demonstrated increased brain phosphorylation of Ser-473-Akt and Ser-9-GSK3b after chronic oral cotinine treatment in the hippocampus of healthy mice, stressed mice, and a mouse model of Alzheimer's disease (Echeverria et al., 2011; . The present results show that acute cotinine treatment is sufficient to induce increased serine phosphorylation in both GSK3 isoforms and Akt serine and threonine phosphorylation in the hippocampus of wild-type mice and in Fmr1 À/À mice, in which the phosphorylation levels of GSK3 on Serine 9 and 21 were previously reported to be lower than in wild-type mice (Yuskaitis et al., 2010) . These results demonstrate that cotinine treatment rapidly activates Akt and inhibits GSK3. Figure 6 shows a signalling diagram based on these findings and reports that PI3K is activated following stimulation of a7 nicotinic receptors, which can promote Akt phosphorylation (Kihara et al., 2001; Zhang et al., 2014) and the subsequent inhibitory serine-phosphorylation of GSK3b.
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Acute cotinine treatment restores impaired cognition of
Several previous studies reported enhanced learning and memory after chronic cotinine administration in rodents (Terry et al., 2005 (Terry et al., , 2012 Echeverria et al., 2011; Moran, 2012; Gao et al., 2014; Patel et al., 2014; Levin et al., 2015) . Chronic subcutaneous cotinine treatment did not significantly affect memory in wild-type rats (Terry et al., 2012) , but chronic oral cotinine treatment enhanced spatial working memory in wild-type mice compared to vehicle-treated mice . Cotinine treatment completely reversed the cognitive impairments induced by treatment with an NMDA antagonist in animal models of schizophrenia Terry et al., 2012) , and chronic cotinine treatment improved memory in transgenic mouse models of Alzheimer's disease (Echeverria et al., 2011; Patel et al., 2014) . Chronic cotinine treatment also induced improvements in spatial memory or contextual memory after impairments induced by stress (Zeitlin et al., 2012; . In this study, in which cotinine was administered acutely, cotinine did not have significant effects on the memory of wild-type mice and reversed impairments in Fmr1 À/À mice. Inhibitory phosphorylation of GSK3b is associated with the cognitive enhancing effects of cotinine
The mechanism through which cotinine exerts its effects on cognition most often has been linked to its action on nAChRs , although it also has been reported to affect the serotonergic (Fuxe et al., 1979; and dopaminergic systems (Riah et al., 2000) . The increases in GSK3 inhibitory serine-phosphorylation after chronic cotinine treatment revealed a possible important role for this kinase in mediating the cognitive improvements caused by cotinine in mice exposed to chronic stress and in a mouse model of Alzheimer's disease (Echeverria et al., 2011) . With the aim of better understanding the mechanism underlying cotinine's effects in restoring impaired memory, and to study the role of GSK3b in mediating cotinine's effects, cotinine was administered to mice in which the Serine-9 phosphorylation of GSK3b is blocked. Acute cotinine administration was unable to restore cognitive impairments in GSK3b knockin mice (Pardo et al., 2016) , suggesting that phosphorylation of GSK3b is required to mediate the cognitive enhancing properties of cotinine. However, these results do not rule out the possibility that other mechanisms also may contribute to the cognition-enhancing effects of cotinine. There is increasing consideration of GSK3 inhibitors as potential treatments for cognitive impairments because GSK3 activity is increased in a variety of conditions, such as in Fragile X syndrome mice (Yuskaitis et al., 2010 ) and Alzheimer's disease (Maqbool et al., 2015) , where memory impairments are a main symptom. A study of GSK3 isoform specificity on memory revealed that even though both GSK3 isoforms share many functions, GSK3b has a predominant role in regulating novel object recognition (Pardo et al., 2016) .
Recently, there is much interest in the potential use of nAChR agonists as cognitive enhancers, particularly related to the cholinergic deficits found in disorders such as Alzheimer's disease (Muir, 1997; Nordberg, 2001 ) and schizophrenia (Kenney & Gould, 2008) . nAChRs activate a number of signalling cascades in the brain that lead to cellular alterations regulating short-and long-term memory (Levin & Simon, 1998; Barros et al., 2004; Kenney & Gould, 2008) . The present results add to the previous literature showing that nicotinic receptor agonists can act as cognitive enhancers in a mouse model of Fragile X syndrome and highlight the potential role of inhibiting GSK3b in mediating the effects of cotinine on memory.
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